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Grant  #  N00014-90-J-1024 

Principal  Investigator:  Marco  Colombini 

Institution:  University  of  Maryland 

Grant  Title:  Probing  the  Voltage  Gating  and  Modulation  of  a  Voltage  Dependent 
Channel 

Award  Period:  Oct,  1,  1989  to  May  31, 1996 
Objectives: 

The  overall  objective  was  to  learn  about  the  structure,  the  function,  and  the  regulation 
of  the  mitochondrial  channel  called  VDAC.  Specific  goals  were: 

1.  Identify  the  structure  of  the  channel  and  the  structural  changes  associated  with 
voltage  gating 

2.  Explore  the  nature  of  selectivity  in  large  channels 

3.  Identify  the  proteins  in  the  intermembrane  space  that  modulate  VDAC  and  the 
mitochondrial  outer  membrane  permeability 

4.  Explore  the  ability  of  VDAC  to  regulate  the  flow  of  organic  molecules  that  serve 
as  metabolites 

Approach: 

The  primary  approach  was  to  use  the  reconstitution  of  VDAC  channels  into  solvent- 
free  planar  phospholipid  membranes  in  order  to  analyze  the  properties  of  the  channels 
in  details.  These  properties  are  probed  by  site-directed  mutations,  chemical 
modification,  and  by  the  use  of  modulators.  The  properties  of  the  channels  in  isolated 
mitochondria  and  whole  cells  were  also  examined. 

Accomplishments: 

By  forming  2-dimensional  crystals  of  VDAC  in  native  membranes  and  then  freeze- 
drying  and  shadowing  them  followed  by  examining  platinum  replicas,  we  were  able  to 
see  the  surface  structure  of  both  sides  of  the  VDAC  crystals.  This  gave  us  new 
insights  into  the  channel’s  structure.  It  also  allowed  us  to  determine  that  a  single 
protein  monomer  forms  a  channel.  We  confirmed  the  molecularity  of  the  channel  by 
using  functional  mutants  and  attempting  to  form  hybrid  channels. 

By  using  site-directed  mutations,  we  identified  the  regions  of  the  channel  that  form 
the  pore  lining  and  those  located  outside  the  channel.  We  also  demonstrated  that 
large  portions  of  the  pore  move  upon  voltage-gating.  We  used  3  independent 
approaches:  mutation  effects  on  selectivity,  on  voltage-gating,  and  on  motion  by  using 
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cysteine  mutagenesis  followed  by  biotinylation  and  probing  with  streptavidin  (the 
latter  was  not  supported  by  Navy  funds).  All  these  agree  very  well.  This  structural 
information  fits  very  well  with  the  functional  changes  and  the  energetic  requirements 
for  voltage-gating  to  take  place. 

We  discovered  that  NADH,  but  not  the  oxidized  form  NAD -H, can  modulate  VDAC 
by  favoring  channel  closure.  This  effect  was  shown  not  only  with  reconstituted 
channels  but  also  on  intact  mitochondria.  In  order  to  make  the  measurements  on 
intact  mitochondria  we  had  to  develop  the  only  methods  to  measure  outer  membrane 
permeability  quantitatively.  We  also  showed  that  the  Mg-NADPH  complex  has 
similar  effects. 

We  localized  to  the  intermembrane  space,  a  proteinaceous  factor  that  modulated  the 
properties  of  VDAC  and  favors  VDAC  closure.  We  partially  purified  the  active 
component  and  learned  a  great  deal  about  its  properties.  This  information  would  later 
allow  us  to  identify  candidate  proteins  and  prove  that  at  least  2  have  modulator 
activity.  We  now  believe  that  there  are  a  family  of  proteins  with  this  activity.  We 
also  demonstrated  that  the  partially-purified  material  reduced  the  permeability  of  the 
mitochondrial  outer  membrane  and  thus  reduced  ADP-dependent  respiration. 

We  developed  a  theory  for  ion  permeation  through  large  channels.  This  theory 
requires  only  one  fitting  parameter  and  that  must  be  within  a  narrow  range,  consistent 
with  experimental  results.  With  that,  the  theory  could  predict  reversal  potentials 
under  a  vide  variety  of  conditions  of  salt,  ion  activity,  activity  gradient,  anion  valency 
and  net  charge  on  the  channel  wall.  No  other  theory  comes  close  to  this  degree  of 
experimental  agreement. 

We  discovered  a  novel  catalytic  property  which  we  term,  auto-directed  insertion. 
VDAC  channels  can  accelerate  and  directed  the  insertion  of  VDAC  into  phospholipid 
membranes.  This  acceleration  can  reach  10  orders  of  magnitude  and  thus  may  be 
important  in  ensuring  correct  intracellular  targeting.  The  determination  of  the 
direction  of  insertion  manifests  itself  in  the  uniform  orientation  of  hundreds  of 
channels  in  a  membrane  but  that  orientation  varies  from  membrane  to  membrane 
because  the  initial  insertion  step  is  not  directed. 

We  also  studied  how  ionic  flow  through  VDAC  biased  the  gating  process.  The  bias 
could  be  attributed  to  kinetic  energy  imparted  to  the  walls  of  the  channel,  including 
the  voltage  sensor.  This  kinetic  energy  would  favor  closure  by  one  or  the  other 
gating  process  depending  on  the  direction  of  flow.  These  results  are  consistent  with 
the  gating  mechanism  worked  out  through  many  other  experiments. 

We  demonstrated  that  VDAC  gating  results  primarily  in  an  inversion  in  ion  selectivity 
and  only  secondarily  in  a  reduction  in  pore  size.  It  is  this  inversion  in  selectivity  that 
is  responsible  for  VDAC  gating  to  be  able  to  control  the  flux  of  the  organic  anions 
such  as  ATP,  succinate,  citrate,  and  phosphate.  These  findings  point  to  a  regulatory 
process  at  the  outer  membrane  that  can  be  used  to  augment  or  diminish  mitochondrial 


function  in  cells. 


By  using  the  ability  of  aluminum  hydroxide  to  hold  VDAC  channels  open,  we  were 
able  to  provide  evidence  that  VDAC  closure  is  an  early  event  in  the  regulation  of 
yeast  mitochondria.  When  transferred  from  growth  on  glycerol  to  growth  on  glucose, 
the  addition  of  aluminum  hydroxide  delayed  this  transition  by  an  hour. 

Conclusions: 

We  have  gained  a  great  deal  of  insight  into  the  structure  and  molecular  mode 
of  action  of  VDAC  channels.  We  have  found  extensive  evidence  that  VDAC 
channels  can  regulate  metabolite  flux  through  the  mitochondrial  outer  membrane  and 
this  may  be  used  by  cells  to  regulate  overall  mitochondrial  energy  production. 

Significance: 

The  molecular  basis  for  channel  gating  is  an  important  biophysical  problem. 
We  have  largely  solved  this  problem  for  the  VDAC  channel.  Regulation  of 
mitochondrial  function  at  the  level  of  the  outer  membrane  may  be  important  for 
optimal  cell  function  and  for  apoptosis.  The  insights  that  we  have  gained  will  allow 
us  to  further  elucidate  this  novel  regulatory  process  by  which  VDAC  controls 
mitochondrial  function. 
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